Abstract-In this contribution, we propose a novel code-aided channel tracking and carrier frequency offset (CFO) and/or phase noise (PN) estimation algorithm for orthogonal frequency-division multiplexing (OFDM) systems. Starting from the maximum-likelihood (ML) principle, we derive a low complexity estimator based on the expectation-maximization (EM) algorithm. It turns out that the estimator receives soft information from the channel decoder to refine the CFO, PN, and channel estimates. Simulation results revealed that the proposed algorithm outperforms the conventional techniques in terms of bit-error rate (BER).
I. INTRODUCTION
T HE main weakness of orthogonal frequency-division multiplexing (OFDM) is its sensitivity to a carrier frequency offset (CFO) and phase noise (PN) caused by oscillator instabilities. Both impairments lead to a reduction and rotation of the signal amplitude and to a loss of subcarrier orthogonality. This loss introduces intercarrier interference (ICI) which results in a degradation of the global system performance. A frequency offset and/or a phase noise bandwidth as small as a few percent of the subcarrier spacing are sufficient to impair the performance of an OFDM receiver, as pointed out in [1] . In order to operate correctly, an OFDM receiver needs accurate compensation of the offsets in the input signal. Further, a coherent receiver has to track time-varying fading channels in order to accommodate reliable data detection.
Depending on the characteristics of the transmitted signal (pilot-based or not), synchronization and channel estimation approaches can be mainly divided into two categories: data-aided, e.g., [2] and [3] , and non-data-aided (blind), e.g., [4] and [5] . Manuscript With the advent of powerful error-correcting codes, conventional estimation algorithms cannot always be applied as they may require a significant overhead in terms of the number of pilot symbols if data-aided schemes are used or may require a large amount of received symbols if blind schemes are used. It is thus of interest to develop synchronization and channel estimation schemes by taking into account the presence of the error-correcting codes.
In this letter, we propose a new code-aided channel tracking and CFO 1 and/or PN estimation algorithm based on the EM algorithm [6] . The proposed algorithm exploits the soft information provided by the channel decoder to improve the estimation accuracy in an iterative way.
This letter is organized as follows: the system model is described in Section II. The estimation algorithm is derived in Section III. Simulation results are provided in Section IV. Finally, we end with conclusions in Section V. Fig. 1 depicts the discrete time base-band equivalent block diagram for the proposed OFDM system. At the transmitter, a binary information sequence is passed through a channel encoder with coding rate . The resulting binary codeword , is then interleaved and mapped onto symbols , where belongs to a -point constellation ,
II. SYSTEM MODEL
. We further assume that a total of pilot symbols are inserted at known locations in each OFDM symbol. The set of subcarrier indices on which pilots are transmitted is denoted as . The resulting block of symbols is then transformed by an -point inverse fast Fourier transform (IFFT), yielding (1) where , and , , and
, and is an matrix with . The OFDM symbol is extended using a cyclic prefix of samples, such that . The transmitted OFDM symbol propagates through an -tap channel with overall channel impulse response (CIR) . The time-domain received vector can be written as (2) where is the convolution operation, is the phase noise, is the CFO normalized to the OFDM subcarrier spacing, and is the additive white Gaussian noise (AWGN) contribution. After removing the cyclic prefix and applying FFT, the demodulated vector can be written as
where , is an matrix with , is the ICI, and is the AWGN contribution. The ICI contribution at subcarrier can be written as (4) where is the frequency domain CIR at subcarrier and (5) Equation (3) shows that the presence of CFO and/or PN affects the received useful signal. Both impairments rotate, attenuate the useful signal, and add extra noise referred as ICI.
III. CHANNEL TRACKING AND CFO-PN ELIMINATION
In this section, we give a brief outline of the EM algorithm and apply it to the observation vector from (3) to estimate the common phase error and track the CIR. Note that strictly speaking, the entire sequence , needs to be estimated. However, we will show that there is no easy closed-form solution to the joint estimation of such sequence together with the channel. Therefore, we will resort to a low complex solution of the EM by focusing on the estimation of the CPE and the CIR tracking.
A. EM Algorithm: Principle
The EM algorithm is an iterative approach to acquire the maximum-likelihood (ML) estimate of a parameter from an observation [6] . It is based on the concept of the so-called missing (or unobserved data) , such that, if the missing data were known, estimating would be easy. However, since we do not know the missing data, an iterative approach starting from an initial estimate of (say, ) is used. Consider as the "incomplete" observation and as the "complete" observation. At iteration , the EM algorithm consists of two steps:
1) E-step: given the current estimate and "incomplete" observation , we first take the expectation of the log-likelihood of the complete data with respect to the unknown data : (6) 2) M-step: we maximize with respect to to find a new estimate:
The EM algorithm iterates until the estimate has converged or a certain stopping criterion has been met.
B. Soft Information-Aided Algorithm
In the problem under consideration, the parameters to be estimated are and the set defined as . Based on the observation model (3), we write (8) and (9) Plugging (8) and (9) in (6) yields (10) where is the real value of the complex number , and the a posteriori expectation of a matrix , denoted , with entries that depend on the data is defined as (11) Based on (10), we update estimates of and (12) As can be observed in (12) and (10), there is no closed-form solution for the estimation of and because of the higher order components with . To overcome the complexity, we restrict the estimation to the channel and the CPE 2 and propose the following approximations in (10): , , and , where can be interpreted as the estimated ICI based on the available APPs and the previous estimates and . Using instead of in (10), a simple sub-optimum closed-form expression of is given by
The updated channel estimate can easily be determined by setting the differentiation of (10) with respect to zero and using as an estimate of (14)
Note that, in practice, the matrices and are obtained by replacing each entry of the main diagonal for both and with the corresponding a posteriori expectations and , respectively, which are obtained by exploiting the a posteriori probabilities (APPs) computed by the decoder (15) ( 
16)
Initialization: The initial value of can be estimated from (13) by setting the entries in and corresponding to the pilot positions to the value of the pilots, and all other entries to zero. This is referred to as the pilot estimator. In the absence of pilot symbols, i.e., if is empty, we assume that the initial value of equals one: in the first iteration, we decode the received data without having any information about the CFO and/or PN. This is referred to as the blind estimator. Further, for both pilot and blind estimators, we assume that the channel is fixed during an OFDM symbol and slowly changes from OFDM symbol to OFDM symbol. Hence, as an initial estimate for the channel, we use the channel estimate from the previous OFDM symbol. 3 To update the ICI vector, we consider two scenarios.
Absence of PN:
In the absence of phase noise, in (5) can be rewritten as (17) Accordingly, at iteration the estimated CFO can be obtained as (18) Based on and the decoder output, the ICI term in (4) can be calculated and subtracted from the received signal to improve the estimation accuracy in the next iteration.
Presence of PN: Since, in the presence of PN, we do not have information about the high-frequency components of the PN, the estimate of the ICI vector cannot be obtained. However, it is possible to estimate the CFO from (18), such that the ICI caused by the CFO can be mitigated as if no PN was present. Note that in this case, the estimate of the CFO will be affected by the PN. If no CFO is present, we neglect the ICI vector in all iterations , as in [7] .
IV. SIMULATION RESULTS
To validate the proposed algorithm, we have carried out Monte Carlo simulations over frequency-selective channels. We consider an OFDM system, using a convolutional code with constraint length 5, rate 1/2, and polynomial generators and . The BCJR algorithm is used for decoding. A block length of information and pilot bits was chosen, leading to coded bits. The coded bits are Gray-mapped on a 16-QAM constellation, resulting in symbols. We take for the pilot estimator while for the blind estimator. The channel consists of statistically independent taps, each being a zero-mean complex Gaussian random variable with an exponential power delay profile (19) where is chosen such that the average energy per subcarrier is normalized to unity. To avoid ISI, a cyclic prefix of length is employed. The time-selective nature of the channel is modeled through the following first-order Markov model for [8] :
where 4 is a sequence of zero mean complex AWGN samples with . The parameter determines the time correlation function of the fading process. For instance, for Jake's model, we have , where is the Doppler shift normalized to the OFDM symbol duration, and is the zeroth-order Bessel function of the first kind. Fig. 2 depicts the bit-error rate (BER) performance for both estimators with a Wiener phase noise rate 5 , a CFO , and a normalized Doppler shift as a function of . We also show the BER that corresponds to perfect channel estimation in the absence of CFO and PN. A strong improvement of the performance for both estimators is achieved after only three iterations. Further, we notice that the pilot estimator outperforms the blind estimator. The EM code-aided pilot estimator is able to reduce the BER degradation to less than 1 dB after five iterations over a wide range of . Fig. 3 shows the BER performance as a function of the phase noise rate at , , and for perfect and nonperfect channel estimation scenarios at iteration 5. We consider two cases. In the first case, we estimate the CFO, , from (18) and, based on the decoder output, we perform ICI cancellation as if there is no PN. In the second case, we estimate the CPE, , resulting from both CFO and PN, and we do not perform ICI cancellation since the high-frequency components of PN are not known. As can be observed from the figure, the BER corresponding to the first case outperforms the second case for both blind and pilot estimators. There is a noticeable difference between cases 1 and 2 for the pilot estimator especially at high PN rate. However, this difference is small for the blind estimator. This occurs because at high PN rate, our approximation for the blind estimator is not good enough to initialize the EM algorithm, such that the CFO component cannot be estimated properly, and the ICI estimate strongly deviates from the true ICI: ICI cancellation is usefulness. Further, we notice that the BER performance for the two cases for both estimators is approximately the same at . This can be explained as at low PN rate and small CFO, the ICI term is small as compared to the useful signal. Accordingly, performing ICI cancellation does not give a significant improvement on the BER performance.
V. CONCLUSIONS
A novel soft information-aided channel tracking and CFO and/or PN estimation algorithm for OFDM systems is proposed. Based on the proposed low complex EM algorithm, the receiver iterates between data detection and estimation, with the exchange of soft information. The results indicate that the proposed algorithm achieves a significant improvement in BER performance after three iterations as compared to conventional data-aided algorithms. Further, it turns out that it is better to use a small amount of pilots to initialize the proposed low complex EM algorithm rather than setting the initial PN and CFO estimates to zero. The proposed scheme can work with any detector as long as the detector is able to compute the APPs of the data symbols.
